Abstract In this present study TiO 2 supported metal catalysts (Pt/TiO 2 , Pt-Fe/TiO 2 ) were prepared by liquid phase photo deposition method. The prepared catalysts were characterized electrochemically. X-ray Diffractometer (XRD) results showed the presence of metal particle deposition on TiO 2 . HR-SEM and TEM results confirmed the nano size of the metal particles and their uniform dispersion on the surface of TiO 2 . Electrochemical methods such as cyclic Voltammetry, linear sweep Voltammetry were used to study the stability and oxygen reduction properties of the synthesized TiO 2 supported metal catalysts. The prepared catalysts were tested in Single Chamber Microbial Fuel Cell (SCMFC) with Escherichia coli of type DH5-a as bacterium. The power densities of Pt/TiO 2 and Pt-Fe/TiO 2 (110.5 and 136.8 mW/m 2 ) were found to be higher compared to that of Pt/C (77 mW/m 2 ) in MFC operation. The results visualized the better electro catalytic property for oxygen reduction in cathodic part of microbial fuel cell.
Introduction
Microbial fuel cell (MFC) is a bio-electrochemical device which utilizes microorganisms and degradable organic wastes for their bioelectricity production. The working principle of MFC is similar to that of hydrogen-oxygen fuel cells [1] . In an MFC, an anaerobic anode chamber with bacterial inoculum is used in the anode to produce proton and electron from the degradation of organic wastes. The protons are transferred from the anode to the cathode through the membrane and the electrons reaches the cathode through the external circuit. The advantage of MFC technology is its simultaneous waste treatment and electricity generation. MFC technology is considered to be one of the promising alternative energy producing devices at ambient conditions [2] .
A cation exchange membrane, Nafion 117 Ò has been widely used as a polymer electrolyte membrane (PEM) in various fuel cells. However, in case of Microbial Fuel Cells (MFC), it has higher oxygen and substrate crossover from cathode to anode and vice versa respectively [3] . Extensive studies were carried out by researchers to overcome the drawbacks of Nafion and found modified polymer electrolytes such as sulfonated Poly Ether Sulfone (PES), Disulfonated poly (arylene ether sulfone) (BPSH), Sulfonated Poly Ether Ether Ketone (SPEEK) [4] [5] [6] [7] and their composite membranes to be suitable for applications in MFC.
There are several other limiting factors that may weigh heavily against the magnitude of power yield before the MFC technology gains a significant share in the energy market. One of among the factor is sluggish oxygen reduction at cathode electrode and lower power generation as MFC is commonly governed by the cathode performance [8] . To enhance the MFC performance, high redox potential chemicals such as ferricyanide and permanganate [9, 10] were used as electron acceptors in the cathodic chamber to fasten the reduction process. A range of chemical catalysts other than Pt/C has been studied for Oxygen Reduction Reaction (ORR) in MFC, including porphyrines [11] , phthalocyanines [12] , MnO 2 [13] and MWCNT [14] . In most MFCs, Pt/C has been used as cathode catalyst, however the carbon support increases the rate of carbon corrosion significantly and results in a decreased contact between the support and the platinum catalyst particles, which consequently becomes more mobile and forms larger catalyst particle aggregates or migrate out of the Gas Diffusion Layer (GDE) [15] . Carbon degradation can also be caused because of increased hydrophilicity of the supporting carbon, which results in deteriorated mass transport properties of the GDE [16] . In recent years, heteroatoms (Nitrogen, Boron and other similar atoms) [17] [18] [19] doped carbon materials, such as carbon blacks, graphene and carbon nanotubes, were found to exhibit excellent electro catalytic performances for ORR. Another alternate approach is using oxygen reducing bacterial organisms in cathode to replace the chemical catalyst is called bio cathodes which accepts electrons from the cathode substratum for oxygen reduction, thereby increasing the economic viability and environmentally sustainability of MFC systems. However, the comparatively lower power generation than the chemically (Pt/C) catalyzed cathode is one main downfall of bio-cathodes [20] , however recent study with Ectothiorhodospiraceae bacteria showed a promising revolution towards biocathode usage in MFC [21] .
Another approach is the utilization of non-precious metal catalysts. The utilization of non-precious metal alone as catalyst showed relatively less performance compared to that of Pt/C catalyst [22] . An alternate, promising approach to attain highly stable and high-efficiency ORR is the use of platinum-based alloys Pt-M (M=Co, Fe, Cu and Ni). These Pt based alloys have been demonstrated to hold higher electro catalytic activity than Pt catalyst in proton exchange membrane fuel cells [23] . The alloy catalysts have indicated the enhancement in activity as a result of the shortening of the distance to the nearest neighbor by alloying. Other properties intrinsic to Pt alloys include the exposure of a more active vicinal plane (1 0 0) on dispersed platinum particles. The exposure of the more active plane is believed to take place during the heat treatments used to induce alloy formation in the particles and explains the enhancement on the basis of the augmentation of Pt d-vacancy and the effect of higher affinity for the oxygenated species on the catalyst [24] . Pt is the best commercial catalyst we have for the ORR at present and efforts have been made to improve its activity. Alloying Pt with transition metals such as Cr, Fe, Co and Ni can improve the activity of cathodes, reduce catalyst sintering and increase the roughness of the catalyst surface and, therefore, improve performance of fuel cells with the Pt alloy cathodes [25] . Pt-Fe alloy as a cathode catalyst suggest that it contains a higher proportion of platinum active sites with a distinctly different nearest neighbor environment in relation to non-alloyed Pt sample [26, 27] .
In general, non-carbon supported catalyst has been operating satisfactorily by hastening the reduction kinetics of oxygen in fuel cells for long duration which is an another method adopted to improve the cathode performance of fuel cells compared to that of commercially available carbon supported platinum (Pt/C) catalyst [28] . Using alternative materials includes semi-conductive oxides (TiOx, WOx and SnO 2 ) or carbides [20] [21] [22] [23] [24] 30] in the place carbon as support are in practice. Use of this kind of semi conductive oxides/carbides promotes electro catalysis through synergistic metal-support interactions in addition to their improved corrosion resistance. However, semiconducting oxides such as TiO 2 also presents a drawback compared to carbon in that pure TiO 2 is a semiconductor with a band gap of 3.2 eV for anatase and 3.0 eV for rutile [29] . Despite the lower conductivity relative to carbon, TiO 2 is interesting to evaluate as catalyst support material not only due to its high stability, but also due to its better catalytic stability, activity, uniform dispersion of metal particles, metal to support interaction and favor better ORR comparable to that of carbon supported catalyst [30] .
In this study, TiO 2 supported Pt and Pt-Fe catalysts were prepared. The prepared Pt-Fe/TiO 2 catalysts showed better and effective catalytic reaction towards ORR due to its alloy formation with Pt. The TiO 2 supported catalysts have improved stability in addition to their better catalytic property compared to that of carbon supported platinum catalyst [25] . For this study Sulfonated Poly Ether Ether Ketone (SPEEK) was chosen as Polymer Electrolyte Membrane (PEM) because of its advantages over Nafion 117 Ò and the study comprises three parts as follows, i.e., (1) the preparation of Sulfonated Poly ether ether Ketone as solid polymer electrolyte (2) Preparation of catalyst by liquid phase photo deposition method and catalyst characterization; and (3) its performance analysis in air cathode Single Chamber Microbial Fuel Cell (SCMFC).
Materials and methods
The chemicals such as PEEK (Mol. Wt. 1,00,000, Victrex), Conc. Sulfuric acid (Merck), N-Methyl Pyrollidone (NMP) (SRL), Hexachloroplatinic acid (Sigma Aldrich), TiO 2 (SRL), Chloroplatinic acid (Sigma Aldrich), Ferric Chloride (Fischer Scientific, UK), Ethanol (SRL), Nutrient Media (SRL) and D (?) glucose (Sigma Aldrich) were used as such without any further purification.
Sulfonation of PEEK
PEEK polymer was sulfonated using sulfuric acid as a sulfonating agent [31] . The weighed amount of PEEK (5 g) was dissolved in concentrated sulfuric acid (90 ml) and magnetically stirred for 5 h. The reaction mixture was then poured into cold water and the sulfonated PEEK (SPEEK) was obtained in the form of white precipitate. The SPEEK was washed with deionized water for several times until the pH became neutral. The product obtained was the sulfonated form of polyether ether ketone with a sulfonation degree of 45-50 %. The SPEEK obtained from the above process was dried in a vacuum oven at 80°C overnight. It was then dissolved in a suitable quantity of NMP (2 g in 25 ml) and cast onto a clean, dry petri dish. The membrane was obtained by evaporating the solvent in vacuum oven at 80°C for 24 h [31] . The membrane obtained after drying was pale brown in color. It was peeled off from the petri dish and used for further analysis.
Electrocatalyst preparation
TiO 2 supported metal nanocatalysts were prepared by liquid phase photo deposition method [32] . The catalysts were prepared from the aqueous solution of chloroplatinic acid with an excess of ethanol. The solution was continuously stirred and purged with nitrogen gas for 30 min to remove oxygen. The solution was irradiated with UV-Vis (365 nm) at 25°C for 3 h using 8 numbers of 8 W Hg lamp then centrifuged and dried at 100°C overnight. The sample was then calcinated at 450°C for 3 h to get Pt/TiO 2 . The catalysts in 20 % Pt/TiO 2 and Pt-Fe was taken to prepare catalyst ink for the study. Pt-Fe/TiO 2 was prepared from their respective precursor in weight ratio of 1:0.5 respectively.
Characterization techniques
The prepared TiO 2 supported metal nano catalysts were characterized using X-Ray Diffraction (XRD), High Resolution Scanning Electron Microscope (HR-SEM) and cyclic Voltammetry techniques.
X-ray diffraction (XRD)
The crystalline nature of the prepared catalysts was studied using XRD with a scanning rate of 2°per min. XRD measurements were performed using an X' Pert Pro PAN analytical powder XRD instrument.
HR-SEM and TEM
A high resolution scanning electron microscopy (HR-SEM) was used to investigate the surface morphology and distribution of catalyst on the TiO 2 surface. SEM micrographs were obtained with the help of Quanta 200 FEG with associated energy dispersive X-ray analyzer. The catalysts were dried and then coated with gold to achieve SEM images. Transmission Electron Microscope (TEM) images were taken using TEM Hitachi H-7500. Before analyzing the samples were dried under natural conditions.
Electrochemical measurements
The electrochemical behavior of the prepared catalyst samples was studied using Biologic VSP instrument. Glassy carbon electrode coated with catalyst was used as working electrode for each study with Saturated Calomel Electrode (SCE) and platinum as reference and counter electrodes respectively. The working electrode was prepared by taking catalyst and Vulcan XC-72 carbon and was dispersed in 1 ml of water. The suspension was ultrasonicated for 15 min. This dispersion (20 lL) was coated on glassy carbon, and 5 lL of 5 % Nafion solution (as a binder) was added to these coatings and dried. This glassy carbon was used as the working electrode. The addition of carbon was aimed at increasing the conductivity of the resultant electrode. The experiments were carried out for 200 cycles in 50 mM air-purged phosphate buffer electrolyte (pH 4.2) with a scanning rate of 50 mVs -1 . LSV (Linear Sweep Voltammogram) experiments were conducted for O 2 reduction reactions in the same environment with a scan rate of 10 mVs -1 . All the measurements were conducted at room temperature with a oxygen saturation time of 30 min.
MFC Construction and Operation
Proton exchange membrane (SPEEK) was placed to separate the anode and cathode electrodes in SCMFC, fabricated using an acrylic cylindrical chamber of 4 cm long and 3 cm in diameter (empty bed volume of 28 ml). E coli [33] [34] [35] bacteria were used as bacterium in the anodic chamber. The anode and cathode electrodes were prepared using PTFE binder (Sigma Aldrich, India), carbon cloth (Ballard, USA) and the catalysts (Pt/C, Pt/TiO 2 or Pt-Fe/ TiO 2 ) (for cathode alone) (Arora Mathey, Kolkatta) as per our previous work [36] .
E coli strains (DH5-a) from our pre adapted laboratory culture collection were used and the bacterial culture was enriched by purging nitrogen gas and was kept in shaker for 48 h. The anode chamber was filled with the enriched E. coli nutrient medium and the chamber was continuously flushed with N 2 /CO 2 (80:20) to maintain anaerobic conditions as well as the pH of the growth medium at 7. The bacterial inoculum in the anodic chamber was changed over 3-5 times (i.e., over 72-120 h) for bacterial enrichment and to allow a biofilm to form on the anode electrode surface. The chamber was refilled each time when the voltage reached a minimum value.
Polarization curve helps to understand the performance of MFC in terms of power generation. It represents the cell voltage and power density as a function of the current density. Initially, the open circuit voltage (OCV) was measured when no current was drawn. Then, the cell voltage and current were continuously monitored and recorded using a precision digital multimeter (Model 702, Metravi, India). The circuit was completed with a resistor of 1 kX except when different resistors (100 ohms to 1000 ohms) were used to determine the power generation as a function of load. The power density values were obtained after stable voltage was obtained. The current was calculated as I ¼ V=R Using Ohm's law where, I (mA) is the current, V (mV) is the voltage and R is the external resistance (X). Power (P) was calculated as, P = IV. The power density and current density values were calculated with respect to the area of the membrane (same for anode and cathode) used for the study which was then converted into meter square area.
Results and discussion

Properties of the membrane
The properties of SPEEK membrane were studied in detail by many researchers and the properties such as Ion exchange capacity, proton conductivity, water absorption and dissolved oxygen crossover of the membrane are listed in Table 1 . The SPEEK membrane was tested in MFC and showed good results compared to that of commercial Nafion membrane [36] . XRD X-Ray diffraction spectra of Pt/C, Pt/TiO 2 , Pt-Fe/TiO 2 are illustrated in Fig. 1 . The broad peak located at 23°2h accounts for carbon support for Pt/C catalyst. The spectra illustrate the presence of metals supported on TiO 2 . The characteristic diffraction peaks of the face centred cubic structure are detected in the platinum supported carbon catalyst samples. The diffraction peaks at 2h values of 40, 47 and 67 are associated with the Pt (1 1 1) , (2 0 0) and (2 2 0) planes, respectively and there appeared no predominant peak induced by ferric or ferric oxides in Pt-Fe/TiO 2 . The Pt-Fe/TiO 2 presents the shift of diffraction peaks toward higher 2h values in comparison with Pt/TiO 2 catalyst, indicating the contraction of platinum lattice and formation of Pt-Fe alloy [22] .
Morphological studies
HR-SEM of the prepared catalysts is illustrated in Fig. 2 . The images show the uniform dispersion of metal particles on the surface of titania without much agglomeration. The shape of the metal particle is uniform and evenly distributed on titania. Figure 2 showed the EDX data of the prepared catalyst samples. The data showed the presence of metal particles with TiO 2 . The SEM image reveals that the catalyst powders are made of less than 50 nm homogenous agglomerates adhered by Pt-Fe alloy particles on nano scale (Fig. 2) . TEM images showed the presence of metal particles on the metal oxide support and the presence of metal particle was also observed from the Fig. 2 .
The cyclic voltammetry results of TiO 2 supported catalyst were tested by three electrode method performed using Standard Calomel Electrode (SCE) as reference, Pt wire as auxiliary electrode and TiO 2 catalyst coated glassy carbon Fig. 3 show the usual voltammogram in acid electrolytes and no additional current peak was observed, indicating that the TiO 2 was electrochemically inert and functioned as a good support under operating conditions. The electro catalysts exhibited a reduction in the hydrogen under-potential adsorption/deposition area with respect to repeated potential cycling due to the dissolution of Pt and growth/re-deposition of Pt particles.
The electrochemical surface areas (ECSAs) were calculated from the hydrogen desorption peaks and the same for Pt/C, Pt/TiO 2 and Pt-Fe/TiO 2 after the 5th cycle was found to be 87.75, 76.8 and 57.9 m 2 /g respectively. The ECSAs of Pt/C, Pt/TiO 2 and Pt-Fe/TiO 2 after 200 cycles were found to be 65.4, 69.7 and 53.1 m 2 /g respectively. As seen from the figure, the catalysts exhibited a decrease in ECSA with increased cycle numbers. Since, the catalysts were tested at acidic pH, the carbon support gets corroded and resulted in decreased catalyst active surface area due to catalyst particle sintering. The percentages of ECSA loss were 26, 9 and 8 % for Pt/C, Pt/TiO 2 and Pt-Fe/TiO 2 respectively [37] . This loss in ECSA may be due to the Ostwald ripening, Pt particle migration and sintering [38] . In contrast to carbon supported The charges in the H desorption or adsorption region are integrated to generate the number of adsorbed H atoms. Hydrogen adsorption/desorption charges on cyclic voltammograms are commonly used in the determination of Pt and Pt based nanocatalyst's ECSAs. The charge required for either the adsorption, or desorption of a monolayer of hydrogen on a polycrystalline Pt surface is 210 lC/cm 2 . ECSA values can be calculated from the coulombic charge (Q H ) collected in the hydrogen adsorption/desorption region from the electroactive Pt surface according to the following formula:
where, [Pt] represents the platinum loading (g cm -2 ) in the electrode, Q H is the charge for hydrogen desorption (mC cm -2 ), and 0.21 represents the charge required to oxidize a monolayer of H 2 on Pt (mC cm -2 ).
LSV technique was used to demonstrate the oxygen reduction reactions of the catalyst [27, 39, 40] . In this study, LSV results showed the effect of electrolytes atmosphere on oxygen reduction characteristics of Pt/C, Pt/TiO 2 and Pt-Fe/ TiO 2 . Figure 4 shows the reduction peaks of the prepared catalyst in oxygen atmosphere. The catalytic activity of Pt/C, Pt/TiO 2 and Pt-Fe/TiO 2 was clearly observed in reduction peaks at *0.4 V respectively. The reduction peaks of Pt/ TiO 2 and Pt-Fe/TiO 2 were also more intense than Pt/C [39] .
LSVs for the prepared catalysts in O 2 saturated atmosphere are shown in Fig. 4 . Under O 2 atmosphere, TiO 2 supported Pt-Fe metal alloy catalyst showed higher ORR peak current compared to Pt/TiO 2 , Pt/C metal catalysts, indicating that TiO 2 supported Pt-Fe metal catalysts have better ORR [39] .
Performance of MFC with synthesized cathode catalysts
The efficiency of the prepared cathode catalysts (Pt/TiO 2 and Pt-Fe/TiO 2 ) together with commercial Pt/C catalyst was tested in the fabricated SCMFC [41] . The performances of the SCMFCs were monitored and recorded under the same conditions. The obtained polarization curves are presented in Fig. 5 . The open circuit voltages were 0.768, 0.771 and 0.778 V for the MFC using Pt/C, Pt/TiO 2 and Pt-Fe/TiO 2 as catalysts, respectively. The MFC using Pt-Fe/TiO 2 as catalyst showed the highest voltage (0.778), higher than that of MFC using Pt/C as a catalyst (0.758 mV). To evaluate the real scale performance of the prepared catalysts, MFC with the Pt/C, Pt/ TiO 2 and Pt-Fe/TiO 2 as the cathode catalysts was tested and the power density versus current density curves were obtained as presented in Fig. 5 . The maximum power density achieved from MFCs with the Pt-Fe/TiO 2 and Pt/ TiO 2 were 136.8 and 110.5 mW/m 2 , respectively, which were higher than that of MFCs with commercial Pt/C (77 mW/m 2 ). The Pt-Fe/TiO 2 , Pt/TiO 2 and Pt/C showed a current density of 400, 250 and 300 mA/m 2 at maximum power density respectively. In this study, Pt-Fe/TiO 2 showed the highest ORR activity and MFC results were consistent with the above-mentioned electrochemical properties. The better performance of TiO 2 supported catalyst was due to the more corrosion resistance metal oxide support, higher electrochemical surface area of the support and the strong interaction of the support with the catalysts which were evidenced from CV and LSV results. However, in the case of iron doped Pt, the improved ORR activity associated with Pt based alloys in fuel cells are resulted due to (1) the presence of ferric composition may include the decrease of Pt-Pt bond length [42] , (2) the increase of electron density in 5d orbital vacancy and the formation of stronger Pt-O 2 -bonds [43] , (3) the increased active site originating from the decrease of oxides on Pt surface [44] .
It is noted that the anode electrode potentials were almost the same for different MFCs and not varied much with different cathode catalyst as shown in Fig. 6 . While on the other hand, the cathode electrode potential varied widely and showed the same trend as the power density curves. These results suggest that the cathode catalyst material was responsible for the distinction in power production from these MFCs and the effect of the microbial populations on the anode can be ignored [45] . Variation in cathode potentials mainly resulted from the catalytic activity of the catalysts used in the cathodes towards oxygen reduction. Hence, it can be concluded that the performance of MFC can be significantly improved by using Pt-Fe/TiO 2 as the most effective catalyst among the three types. This was consistent with the electrochemical results that revealed the highest catalytic activity for Pt-Fe/ TiO 2 among the three. Conclusion A wide range of various size and shape carbon materials were used as support materials for microbial fuel cell operation. However the problem of carbon corrosion or carbon oxidation during fuel cell operation is a major drawback of carbon support. To overcome this, in this study TiO 2 supported bimetallic Pt-Fe catalyst has been investigated as cathode catalyst for the oxygen electro-reduction process in single chamber microbial fuel cell and compared with a Pt/C catalyst. An improvement in the SCMFC single cell performance was observed in the presence of the Pt-Fe catalyst, due to the enhancement of the oxygen reduction kinetics. The results obtained from cyclic voltammogram experiment, LSV and MFC tests showed that the Pt-Fe/TiO 2 alloy has superior catalytic activity towards oxygen reduction compared to that of Pt/C and Pt/TiO 2 supported catalyst. The cyclic voltammetry experiments and ECSA calculations showed that the better stability of TiO 2 supported catalysts after 200 cycles which was higher compared to that of carbon supported catalyst was due to the better interaction between metal and the support material. A maximum power density of 136.8 mW/m 2 was generated from the SCMFC with Pt-Fe/TiO 2 catalyst and was higher than that of Pt/C catalyst (77 mW/m 2 ). With the capability of catalyzing ORR at low Pt utilization, the Pt-Fe alloy catalyst is expected to serve as a high-efficiency and cost-effective catalyst for sustainable recovery of electricity from organic matters with the help of MFC technology.
